We derive Hα fluxes for a large spectroscopic and photometric-redshift-selected sample of sources over GOODS-North and South in the redshift range z = 3.8-5.0 with deep HST, Spitzer /IRAC, and ground-based observations. The Hα flux is inferred based on the offset between the IRAC 3.6 µm flux and that predicted from the best-fit SED. We demonstrate that the Hα flux correlates well with dustcorrected UV star-formation rate (SFR) and therefore can serve as an independent SFR indicator. However, we also find a systematic offset in the SFR Hα /SFR UV+β ratios for z ∼ 4-5 galaxies relative to local relations (assuming the same dust corrections for nebular regions and stellar light). We show that we can resolve the modest tension in the inferred SFRs by assuming bluer intrinsic UV slopes (increasing the dust correction), a rising star-formation history or assuming a low metallicity stellar population with a hard ionizing spectrum (increasing the L Hα /SFR ratio). Using Hα as a SFR indicator, we find a normalization of the star formation main sequence in good agreement with recent SED-based determinations and also derive the SFR functions at z ∼ 4-8. In addition, we assess for the first time the burstiness of star formation in z ∼ 4 galaxies on <100 Myr time scales by comparing U V and Hα-based sSFRs; their one-to-one relationship argues against significantly bursty star-formation histories. Further progress will be made on these results, by incorporating new results from ALMA to constrain the dust-obscured star formation in high-redshift UV-selected samples.
INTRODUCTION
Over the last decade, dedicated deep field programs with the Hubble Space Telescope (HST) have identified more than 10000 candidate galaxies with a redshift beyond z 4, based on their photometric colors (e.g. . Although a number of these objects have been successfully confirmed out to z ∼ 8.7 through near-infrared (NIR) spectroscopy (e.g. Zitrin et al., 2015; Oesch et al., 2015; Finkelstein et al., 2013) , progress in characterizing the spectral energy distributions (SEDs) of these galaxies and identifying their physical properties has been slow. This is largely due to the fact that spectroscopy and deep, high-resolution photometry in the rest-frame optical wavelengths, shifted to observed mid-infrared (MIR) wavelengths for sources at z 4, will not be available until the launch of the James Webb Space Telescope (JWST).
Despite these challenges a number of noteworthy results have emerged on the observational properties of the z 4 galaxy population. First of all, the typical restframe UV colors of galaxies from z ∼ 4 to z ∼ 8 have been meticulously characterized through their HST photometry (Bouwens et al., 2009 Dunlop et al., 2012 Dunlop et al., , 2013 Wilkins et al., 2011; Finkelstein et al., 2012) . Furthermore, photometric studies using the Spitzer Space Telescope have obtained the first constraints on the shape of the rest-frame optical SED of z 4 galaxies (Eyles et al., 2005; Verma et al., 2007; Wiklind et al., 2008; Yabe et al., 2009; Stark et al., 2009; Labbé et al., 2010a,b; González et al., 2010 González et al., , 2012 . In particular, observational evidence has emerged for the presence of strong optical nebular emission lines, such as Hα and [O III] , in the typical z 4 source (Schaerer & de Barros, 2009; Shim et al., 2011; Stark et al., 2013; Labbé et al., 2013; González et al., 2014; de Barros et al., 2014; Smit et al., 2014 Smit et al., , 2015 Roberts-Borsani et al., 2015; Rasappu et al., 2015; Mármol-Queraltó et al., 2016) .
While the rest-frame equivalent widths (EWs) of Hα in typical star-forming galaxies at z ∼ 0-2 range from 10-200Å (Fumagalli et al., 2012) , a large fraction of sources between z ∼ 4-8 have inferred Hα and [O III] EWs in the range 250−600Å and 600−1000Å respectively (Schaerer & de Barros, 2009; Shim et al., 2011; Stark et al., 2013; Labbé et al., 2013; González et al., 2014; de Barros et al., 2014; Smit et al., 2014 Smit et al., , 2015 Rasappu et al., 2015; Mármol-Queraltó et al., 2016) . These measured EWs are higher than predicted by models of galaxy formation (e.g. Wilkins et al., 2013b) and the origin of these ubiquitous high-EW lines is still unclear and proves an ongoing challenge in our current understanding of the physical properties of high-redshift galaxies.
While the interpretation of the [O III] line strength is complicated by the dependence on, for example, the gas density in the H II regions (e.g. Kewley et al., 2013; Shirazi et al., 2014) , the Hα line strength is known to be stable against variations in density or temperature and therefore should be a stable tracer of the star formation (Kennicutt, 1998) . Shim et al. (2011) consider the derived Hα fluxes from a spectroscopic sample of sources in the range z = 3.8-5.0, where Hα falls into the 3.6 µm Spitzer /IRAC filter, and find that the inferred Hα flux in their spectroscopic sample is particularly elevated relative to the inferred SFR from the UV continuum. Shim et al. (2011) argue that one probable explanation for the high ratio of Hα flux to U V flux they observe could be due to a preference for young ages amongst their selected sources, as essentially all sources with spectroscopic redshifts that they consider show Lyα emission. While this speculation by Shim et al. (2011) is reasonable, the actual impact of considering only those sources showing Lyα emission is unclear; it requires testing based on a much larger and unbiased sample of z ∼ 4 galaxies and one also benefitting from even deeper photometric observations.
In this paper we revisit the use of Hα as a SFR indicator in the redshift range z = 3.8-5.0, considering both expanded spectroscopic and photometric-redshift selections. In doing so, we leverage even deeper Spitzer /IRAC coverage from the S-CANDELS survey (Ashby et al., 2015) and deep K-band data (Kajisawa et al., 2006; Hathi et al., 2012; Fontana et al., 2014) . This approach allows us to make a state of the art assessment on the origin of high-EW Hα emission in typical high redshift sources.
We search for correlations of the Hα EW with a large number of observational and physical properties, and we look for possible biases in the results of spectroscopic samples relative to photometric-redshift-selected samples and vice versa. We use the Hα fluxes to derive to estimate specific star formation rates from galaxies and compare these to sSFRs derived from the U V -continuum fluxes in an effort to constrain the burstiness of the star formation history. Finally, we will discuss the implications of our results for the so-called main sequence of star-forming galaxies and the z ∼ 4-8 SFR functions. This paper is organized as follows. In §2 we describe the observations we use and how we define our spectroscopic and photometric-redshift-selected samples, while we derive the observational and physical properties of our samples in §3. In §4 we derive Hα-based SFRs, which we compare with UV-based SFRs and we discuss the potential origin of the discrepancy we find between the different probes. In §6.1 we establish the main sequence of star-forming galaxies from our Hα measurements, while in §6.2 we translate our findings into SFR functions. Finally, we summarize our results in §7.
Throughout this paper we adopt a Salpeter initial mass function (IMF) with limits 0.1-100 M (Salpeter, 1955) . For ease of comparison with previous studies we take H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7. Magnitudes are quoted in the AB system (Oke & Gunn, 1983) .
DATA AND SAMPLES

Spectroscopic Redshift Sample
For our main sample of z ∼ 4 galaxies we take advantage of the spectroscopic redshift information collected over the GOODS-N and GOODS-S by the public samples of Shim et al. (2011) ; Stark et al. (2013) ; Balestra et al. (2010) ; Vanzella et al. (2005 Vanzella et al. ( , 2006 Vanzella et al. ( , 2008 and Vanzella et al. (2009) . These authors have collected galaxy samples from spectroscopic follow-up of B-and V -drop selected galaxy candidates, typically using i 775 or I C as the detection band. Redshifts for these galaxies are mainly derived from the position of the Lyα emission line, although redshifts for a few bright galaxy candidates are derived from their UV absorption lines or continuum breaks. Comparison of the observational properties of i 775 -band limited photometric-redshift-selected subsample (filled blue histograms) and spectroscopic-redshift-selected (red histograms) sample. The solid blue lines and dashed red lines indicate the median values for the spectroscopic and photometric-redshift-selected samples respectively. The median i 775 -band magnitudes of the two samples are identical by construction, due to our i 775 25.4 luminosity cut on the photometric-redshift-selected sample (see §2.2). Left panel: The redshift distribution of the two samples. We find a median < zspec >∼ 4.25 and a median < z phot >∼ 4.38. Middle panel: The UV-continuum slope, β, defined as f λ ∝ λ β . The median UV-continuum slope of the spectroscopic sample is slightly bluer than the median slope for the photometric-redshift-selected sample. Right panel: The H 160 − [4.5] color, where the H 160 -band probes the rest-frame UV-continuum and the 4.5 µm band gives a measure of the rest-frame optical continuum flux. The medians of the two samples are within errors. Overall, the colors of the SEDs of the spectroscopic sample show very little bias when compared to the photometric-redshift-selected sample with the same median i 775 -band luminosity, even though the majority of our spectroscopic redshifts are obtained from Lyα in emission.
K-band photometry. For the GOODS-N field we therefore combine CFHT/WIRCam K s -band imaging (Hathi et al., 2012) and Subaru/MOIRCS K s -band imaging (Kajisawa et al., 2006) . For the GOODS-S field we combine deep FOURSTAR K s -band imaging from the Z-FOURGE survey (Spitler et al., 2012) , VLT/ISAAC K s -band imaging from the FIREWORKS survey (Retzlaff et al., 2010) and VLT/HAWK-I K s band imaging from the HUGS survey . We use MOPHONGO to perform an identical deblending procedure as described in the previous paragraph and we perform photometry on the cleaned images in 1. 0 diameter apertures. The median 5σ limiting depths are 24.8 and 25.2 mags (in a 1. 0 diameter aperture) in GOODS-N and GOODS-S respectively; 44% of our spectroscopic sample is detected at > 5σ in the K s -band.
Our resulting catalog of z spec = 3.8-5.0 galaxies consists of 37 sources in GOODS-N and 53 sources in GOODS-S, with high-quality constraints on the spectral energy distributions (SEDs) of the galaxies. The SEDs of three typical galaxies are presented in Figure 1 .
Photometric Redshift Sample
We complement our spectroscopic redshift sample with a high-confidence photometric sample to add valuable statistics. Use of a photometric-redshift-selected sample is also valuable to evaluate potential biases in the spectroscopic sample that may arise due to these samples being predominantly composed of galaxies that show Lyα in emission. For this photometric sample we utilize the public photometric redshift catalog over the GOODS-S field from the 3D-HST /CANDELS data release (Skelton et al., 2014), generated using the EAZY software (Brammer et al., 2008) . We require selected sources to have a photometric redshift within the redshift range z = 3.8-5.0 with at least 99% probability. Of the sample of sources that satisfy the 99% probability criterion, 84% has a best-fit photometric redshift template with a reduced χ 2 value of less then 3 (95% has a χ 2 red < 5). Of the sources in the spectroscopic sample, 71% satisfy this criterion, with the remaining 29% having a spectroscopic redshift at the edges of the z = 3.8-5.0 redshift range used for selection.
We assemble the photometry for our photometric sample in an identical way to the spectroscopic sample as described in §2.1. We apply a luminosity cut for our main sample below H 160 < 26.5 in order to ensure high-S/N IRAC photometry for our entire sample. This results in a photometric catalog containing 320 sources. Furthermore, we include an i 775 limited subsample that we use to investigate the bias of our spectroscopic sample in the derived galaxy properties, with respect to our photometrically selected sources. For this subsample we use i 775 < 25.4 (80 sources) in order to match the median i-band luminosity of our photometric as closely as possible to the median of the spectroscopic sample (i 775 = 25.1). In the main photometric-redshift-selected sample, 64 sources are included that are also part of the spectroscopic sample. For the remainder of the paper, we quote numbers for the separate selections with these spectroscopically-confirmed sources included. However, when quoting measured quantities for the combined sample, we only count a given source once (even if in both samples).
We compare the observational properties of our i 775 -band limited photometric-redshift-selected subsample with the spectroscopic sample in Figure 2 . The UV-continuum colors are parametrized using the UVcontinuum slope β, with f λ ∝ λ β . The β-slope is approximated by a log-linear fit to the z 850 , J 125 , JH 140 and H 160 fluxes Castellano et al., 2012) . The difference in the median UV-continuum color and H 160 − [4.5] color between our i 775 -band limited photometric subsample and our spectroscopic sample are consistent within the bootstrapped uncertainties. We therefore conclude that the spectroscopic sample targeting mainly Lyα emitters has no obvious bias with respect to a photometric-redshift-selected sample given similar i 775 -band luminosities (see also Schenker et al., 2013) .
In §3.1 we remove those sources with bad SED fitting, which results in a final sample size of 80 sources in the spectroscopic and 302 sources in the photometric catalog. We tabulate the properties of our final spectroscopic and photometric-redshift selected samples in Table 1. 3. DERIVED PROPERTIES OF z = 3.8-5.0 GALAXIES 3.1. SED fitting We determine stellar masses and other stellar population parameters by fitting stellar population synthesis templates to the observed photometry using FAST (Kriek et al., 2009 ). We do not include emission lines in our galaxy templates; instead we consider only stellar continuum in our models while we exclude the 3.6 µm band, where Hα, [N II] and [S II] boosts the observed flux, from our fitting procedure. We consider constant star formation histories with ages between 10 Myr and the age of the Universe at z = 3.8. Furthermore, we assume a Calzetti et al. (2000) dust law, with A V in the range 0 − 2. Finally, we allow the metallicities to range between 0.2 − 1.0Z in the fits.
We fix the redshifts in the SED fitting either to the spectroscopic redshift of the galaxies or to the photometric redshift value used to select galaxies in the photometric redshift sample ( §2.2). Note that when we let the redshift of the galaxies in the photometric sample float, the estimated median EW 0 (Hα+[N II]+[S II]) changes by only +0.01 dex. For a small number of galaxies we find a bad fit to the photometry and we therefore remove 9 sources from the spectroscopic sample and 18 sources from the photometric redshift sample when the reduced χ 2 is greater than four. Our estimated median stellar mass is 4.4 · 10 9 M for our main spectroscopic sample and 1.6 · 10 9 M for our photometric sample, reflecting the fact that our main photometric sample extends to lower luminosities.
Hα+[N II]+[S II
] equivalent widths and line strengths We infer the total emission line flux in our sources from the 3.6 µm band by subtracting the predicted continuum fluxes of the best fit stellar templates (see Figure 1 ) from the observed 3.6 µm fluxes. A correction is made for the width of the 3.6 µm filter using the spectral response curve of this filter 5 (see also Shim et al., 2011; Stark et al., 2013) . We estimate the uncertainty on the predicted continuum flux to be equal to the uncertainty on the 4.5 µm band flux, and therefore the uncertainty on the flux offset in the 3.6µm band is equal to the uncertainty in the [3.6]−[4.5] color. If the uncertainty on the line flux is larger than the offset between the observed 3.6 µm flux and the predicted continuum, we place an upper limit on the line flux.
Since the total emission line flux is dominated by the contribution from Hα, [N II] and [S II] (e.g. Anders & Fritze-v. Alvensleben, 2003) we directly obtain restframe equivalent widths (EW 0 ) for these lines based on the inferred total emission line flux and the predicted continuum of the best-fit stellar template, after correcting the observed EW by a factor (1+z). Here, we use the FAST redshift estimates for the photometric sample. We find EW 0 (Hα+[N II]+[S II]) ∼ 399-429Å in the median source of our samples. We did not correct the continuum emission or line emission for dust attenuation.
Our estimate of the equivalent width is in good agreement with Stark et al. (2013) , who measure < log 10 (EW 3.6 µm ) >∼ 2.57 − 2.73 in the rest-frame. The present result is ∼20% higher than recent results by Mármol-Queraltó et al. (2016) , but this may be due to the fact the median stellar mass for our sample is ∼0.9 dex lower than the sample considered by Mármol-Queraltó et al. (2016) and a possible correlation of the Hα EW with stellar mass (EW Hα ∝ M −0.25 * : Fumagalli et al., 2012; Sobral et al., 2014) .
6 Furthermore, our estimate is lower than the z ∼ 5 estimate of the 5 http://irsa.ipac.caltech.edu/data/SPITZER/docs/ irac/calibrationfiles/spectralresponse/ 6 We remark, however, that the apparent correlation of the Hα EW with stellar mass could be significantly impacted by source The blue and red squares indicate the median EWs (error bars represent the uncertainty in the median). We explore the dependence of the median emission line EW on the UV luminosity, UV-continuum slope β, observed [4.5] magnitude, stellar mass and mass-to-light ratio. The emission line EW is clearly correlated with M * /L UV in both the spectroscopic and photometric samples, indicating that the EWs might be mainly driven by the star-formation activity in the galaxy. 
.1 4.0 · 10 9 -1.79 361 ± 19 429 ± 23 13.3 ± 0.6 16.7 ± 3.4 photo-z (all) 302 4.4 −20.3 1.5 · 10 9 -1.79 335 ± 22 399 ± 27 15.1 ± 1.1 17.6 ± 2.0 photo-z (i 775 < 25.4) 71 4.4 −21.1 3.2 · 10 9 -1.84 269 ± 80 320 ± 96 15.1 ± 1.8 14.5 ± 4.6 photo-z (log 10 M * > 9.5) 88 4.4 −20.7 5.5 · 10 9 -1.62 220 ± 38 262 ± 46 5.7 ± 1.0 5.8 ± 1.1 a Measured median values and uncertainties obtained from bootstrapping. b Corrected for dust using the UV slope β and the Meurer et al. (1999) calibration; Hα is corrected for dust assuming A V,stars = A V,gas and using the Calzetti et al. (2000) dust curve. equivalent width by Rasappu et al. (2015) , who derive ∼ 665Å from the median [3.6] − [4.5] color. The difference between the z ∼ 4.3 to z ∼ 5.2 equivalent width estimates is consistent with an evolution of EW 0 ∝ (1 + z) 1.8 within < 2σ (Fumagalli et al., 2012; Sobral et al., 2014) . Shim et al. (2011) derive a much higher EW 0 (Hα+[N II]+[S II])∼ 600Å over the same redshift range, using a similar method of deriving Hα fluxes. We have 52 sources in common with the Shim et al. (2011) sample, but using our method we find a median EW 0 (Hα+[N II]+[S II])= 416Å for these sources. We find that our lower EW measurements for the same sources are possibly due to a systematically lower 3.6µm selection and the fact that the lowest sSFR, lowest-mass sources simply could not be selected and included in current samples. See Figure 11 .
flux (∆([3.6] − [4.5]) = 0.21 ± 0.08 mag) than used by Shim et al. (2011 ). Mármol-Queraltó et al. (2016 also find a 0.2 mag discrepancy with the 3.6µm photometry used by Shim et al. (2011) .
We show the distribution of the resulting EWs as a function of the UV-luminosity (measured at 1600Å from the best fit stellar template), UV-continuum slope β, observed 4.5 µm-band magnitude in the top panels of Figure 3. We use a linear fit to the median bins in Figure  3 , where we bootstrap every bin 1000 times and re-fit a linear relation to obtain realistic errors on the linear slope. We list the slopes and bootstrapped uncertainties in Table 2 . With this method, we find that that EW 0 (Hα+[N II]+[S II]) in our spectroscopic sample is consistent (at 2σ) with no correlation for all distributions in Figure 3 . In the photometric-redshift-selected sample, the typical derived EW 0 (Hα+[N II]+[S II]) seems to be weakly dependent β and observed 4.5 µm-band magnitude (at the ∼ 2-3σ level).
To gain further insight into the possible physical origin for these high EW lines, we use the public catalogs with structural parameters presented by van der Wel et al. (2012 Wel et al. ( , 2014 to identify potential correlations with our Hα measurements. However, we find no dependence
Furthermore, we study the dependence of Hα EW on the parameters from our stellar population modeling ( §3.1) in the bottom panels of Figure 3 . For our photometric-redshift-selected sample we find a dependence of EW 0 (Hα+[N II]+[S II]) on stellar mass and M * /L UV (at 5σ), which is expected if the Hα is predominantly determined by the star-formation activity in the galaxy.
Therefore we will explore the use of our inferred Hα measurements as a star-formation rate indicator in the next section. To do this, we derive an estimate of the Hα line flux by adopting a fixed ratio between Hα, [N II] and [S II] as tabulated in Anders & Fritze-v. Alvensleben (2003) for sub-solar (0.2Z ) metallicity, i.e. L Hα = 0.84 × L 3.6 µm , where L 3.6 µm is the total luminosity derive from the offset in the 3.6 µm band with respect to the estimated continuum from the SED. This is consistent with the findings of Sanders et al. (2015) , who observe a ratio of N II/Hα of 0.05-0.09 in z ∼ 2.3 galaxies with stellar masses in the range log(M * /M ) = 9.15 − 9.94. The resulting Hα EW is 361Å for our spectroscopic and 335Å for our photometric redshift selected sample.
Composite SEDs
Our spectroscopic sample is particularly well suited to construct composite SEDs of star-forming galaxies over the redshift range z = 3.8-5.0. Table 2 for the photometric sample. Figure 5 . Star formation rates from the inferred Hα luminosities versus those from the UV-luminosity corrected for dust using the UV slope β and the Meurer et al. (1999) calibration (red points; red arrows indicate the 1σ upper limits); Hα is corrected for dust assuming A V,stars = A V,gas and using the Calzetti et al. (2000) dust curve. The left panel shows our spectroscopic sample, while the right panel shows our photometric sample. The median SFRs are offset from the one to one relation (black line) by ∼0.15 dex. Figure 6 . Histogram of star formation rates from the inferred Hα luminosities versus those from the UV-luminosity corrected for dust using the UV slope β and the Meurer et al. (1999) calibration for the spectroscopic sample (blue filled histogram) and photometricredshift selected sample (red histogram).
INFERRED Hα AS STAR FORMATION RATE INDICATOR
Our determination of the Hα line flux in §3.2 provides us with the unique opportunity to explore the use of inferred Hα fluxes as an independent star formation rate indicator in high-redshift galaxies. Shim et al. (2011) pioneered the use of inferred Hα to measure SFRs of z ∼ 4 galaxies. However, the exceptionally deep S/N Spitzer/IRAC data from the S-CANDELS data-set (Ashby et al., 2015) covering our large spectroscopic and photometric-redshift-selected samples allows us to systematically assess the SFRs over the general z ∼ 4 galaxy population.
Star formation rate indicators
In this section we will define two independent SFR indicators, based on the Hα and UV properties of our samples, using calibrations of local star-forming galaxies. The comparison of these two probes will allow us to investigate the different time scales of star-formation, since Hα is sensitive to the star-formation history (SFH) over a ∼10 Myr timescale, while UV light provides a time-averaged SFR over a ∼100 Myr time window (e.g. Kennicutt, 1998) .
To obtain UV-based SFRs we convert the UVluminosity measured at 1600Å from the best fit stellar template into a SFR using the Kennicutt (1998) relation
We estimate the dust attenuation in the UV from the calibration by Meurer et al. (1999) using local starbursting systems
where we estimate the UV-continuum slope β using a log-linear fit to the z 850 , J 125 , JH 140 and H 160 fluxes. Our estimated median dust corrected UV-based SFR (SFR UV+β ) is equal to ∼ 43 M yr −1 for our spectroscopic-redshift-selected sample and ∼ 20 M yr −1 for our photometric-redshift-selected sample. We explicitly do not estimate our UV-based SFRs from the SED fitting procedure due to the degeneracy between age and dust that is particularly challenging to solve. However, we will discuss the impact of different calibrations of the dust law on the UV-based SFRs in §5.1.
To obtain SFRs from the Hα line luminosity measurements derived in §3.2 we use the Kennicutt (1998) relation
We estimate the dust attenuation from the Calzetti et al. (2000) dust law and the UV dust attenuation derived using Eq. 2. Here, we assume A V,stars = A V,gas , which is expected to be a reasonable assumption for blue galaxies where both the stars and emission lines are in the birth clouds and which is found to be a reasonable approximation in z ∼ 2 galaxies (e.g. Erb et al., 2006; Reddy et al., 2010; Shivaei et al., 2015) . Local observations of star-bursting systems indicate A V,stars = 0.44 · A V,gas (e.g. Calzetti, 1997) . However, as we will show below our Hα SFRs are already relatively high compared to our U V -continuum-based SFRs, a discrepancy that would significantly increase if we made the assumption that A V,stars = 0.44 · A V,gas . Our estimated median SFR from Hα (SFR Hα ) after dust correction is equal to ∼ 50 M yr −1 for our spectroscopic sample and ∼ 23 M yr −1 for our photometric sample. We compare SFR UV+β and SFR Hα indicators in Figure  5 and we find that the two indicators are strongly correlated in both the spectroscopic and photometric samples. This strong correlation suggests that our method of inferring Hα line measurements from the broadband IRAC photometry can be used as tracer of star formation. However, we also find a systematic offset of 0.16 +0.03 −0.04 dex for our spectroscopic and 0.10 +0.03 −0.01 dex for our photometricredshift selected sample (see also Fig. 6 ) from the one to one relation (uncertainties obtained from bootstrapping). Had we assumed a differential dust attenuation between nebular light and star light, i.e. A V,stars = 0.44 · A V,gas , these offsets would have increased to ∼ 0.3 dex.
We have investigated potential systematics in our method of obtaining Hα flux measurements that could explain the offset between SFR UV+β and SFR Hα . In appendix A we present two tests performed at z < 3.8 to check for systematics in the photometry and SED fitting used in this paper. First, we compared spectroscopically measured emission lines with line fluxes inferred from the broad-band photometry with the same method we use for our z = 3.8 − 5.0 samples. We use Hα+[N II] fluxes from galaxies in the 3D-HST grism survey at z = 1.3 − 1.5 (Momcheva et al., 2016) . We find no significant offset in the median sources between spectroscopically measured line fluxes and the flux measurements inferred from the photometry.
As a second test we use sources from the GOODS-S spectroscopic catalogues described in §2.1 within the redshift range z = 3.0 − 3.8, where both the 3.6µm and 4.5µm bands are uncontaminated by line flux from strong emission lines. We perform the exact same steps as describe for our z = 3.8 − 5.0 spectroscopic galaxy sample in deriving the difference between the 3.6µm photometry and the predicted continuum flux from the SED fitting. While any major systematics in our photometry would result in a median offset between the two, we find only a minor negative offset (∆[3.6] = −0.02 ± 0.01 dex)s, indicating that, if anything, the Hα fluxes we derive are underestimated compared to their true value and therefore the discrepancy between SFR UV+β and SFR Hα can only increase.
Another systematic we need to consider is the influence of [O II] on the K-band flux for the fraction of sources in the redshift range z = 4.35 − 5.0. When we exclude the K s -band photometry from the SED-fitting for galaxies from the spectroscopic sample in this redshift range, these sources have higher Hα+[N II]+[S II] EW by 0.05 dex. However, we find only a 0.002 dex difference in the median Hα+[N II]+[S II] EW of the total sample when specifically excluding the K s -band for the z = 4.35 − 5.0 sources. However, we note that again, the systematic influence of [O II] can only increase the differences we see in between SFR UV+β and SFR Hα , not resolve the discrepancy.
The discrepancy between SFR UV+β and SFR Hα was already noted by Shim et al. (2011) , who found a mean SFR Hα /SFR UV ∼ 6, assuming no dust correction. This is significantly larger than the SFR Hα /SFR UV ∼ 2.1 we find from our sample before dust correction. However the Shim et al. (2011) Hα emitter sample is IRAC excess selected and could therefore be biased towards high inferred Hα EWs.
RECONCILING Hα AND U V -CONTINUUM-BASED SFRS
In this section, we will discuss how the physical assumptions we make regarding the dust law, the starformation histories, and also ionizing photon production efficiencies of z ∼ 4 star-forming galaxies impact the SFRs we derive from Hα and U V -continuum emission. As we demonstrated in the previous section, the use of relatively standard assumptions (Calzetti et al. (2000) dust law and A V,stars = A V,gas ) results in a systematic ∼ −0.10 − 0.16 dex offset between Hα-based SFRs and UV-based SFRs.
Dust law
In the previous section, we showed that UV and Hα based SFR indicators are strongly correlated, though somewhat systemically offset (∼ 0.15 dex) from a oneto-one relation, when using a Meurer et al. (1999) dust correction and assuming the same level of dust extinction for nebular light as stellar light (i.e. A V,stars = A V,gas ).
Recently, the possibility of a different dust calibration for high-redshift sources was discussed by Dayal & Ferrara (2012) , Wilkins et al. (2012 Wilkins et al. ( , 2013a , de Barros et al. (2014) and Castellano et al. (2014) . These authors argue that high redshift sources likely have lower metallicities and younger ages than the local starburst galaxies used in the empirical Meurer et al. (1999) calibration. The Meurer et al. (1999) calibration implicitly assumes a dust-free UV-continuum slope of the galaxy of β int = −2.23, consistent with solar metallicity and ages of a few hundred Myr. However, our z ∼ 4 UV selected galaxies likely have ages around ∼ 100 Myr or less (see §3.1), while their metallicity content is expected to be no higher than 0.1 − 0.5 Z , measured for z ∼ 3 UV selected galaxies by e.g., Maiolino et al. (2008) , Mannucci et al. (2009) and Troncoso et al. (2014) . These physical properties result in bluer intrinsic UVcontinuum slopes and therefore the dust reddening of the UV-continuum slope could be underestimated when assuming the Meurer et al. (1999) calibration.
Following the arguments above, the systemic offset between UV and Hα based SFR indicators in our z ∼ 4 sample could be explained by an underestimate of our dust-correction due to the implicit assumption of β int = −2.23. We investigate this possibility by considering a general dust correction of
We vary the intrinsic UV-continuum slope, β int , to recover a median SFR Hα /SFR UV+β ∼ 1 after dust correction. Using this method we derive β int = −2.50
for our spectroscopic and β int = −2.42
−0.06 for our photometric redshift sample with the bootstrapping uncertainties. These values correspond to an age of ∼80 Myr, given a constant star-formation history and metallicity Z = 0.5Z . This is somewhat redder than the intrinsic slope of β int ∼ −2.67 found by Castellano et al. (2014) , but similar to the range of β int found by de Barros et al. (2014) . Both of these are derived from SED fitting. Furthermore simulations by Dayal & Ferrara (2012) and Wilkins et al. (2012 Wilkins et al. ( , 2013a suggest β int ∼ −2.4, slightly redder than our derived value.
To assess possible scenarios where the high Hα SFRs with respect to UV based SFRs are a result of bluer intrinsic UV-continuum slopes compared to the Meurer et al. (1999) relation, we compare our derived dust correction above with new far-infrared (FIR) and submillimetre constraints from the Herschel Space Telescope, Sub-millimeter Common-User Bolometric Array 2 (SCUBA2), Atacama Large Millimetre Array (ALMA) and Plateau de Bure Interferometer (PdBI) in Figure  7 . While stacking analysis of z ∼ 2 galaxy populations generally find good agreement with the Meurer et al. (1999) relation (e.g. Reddy et al., 2012; Oteo, 2014; Pannella et al., 2015) , recent measurements at even higher redshifts have reported conflicting results. Coppin et al. (2015) stack large samples of UV selected galaxies at z ∼ 3 − 5 using low resolution data from Herschel and SCUBA2 and find consistent high dust content in the typical galaxy (left panel of Figure 7 ). Furthermore, Bourne et al. (2016) find a slope of 1.8 (as opposed to 1.99) and a β int ∼ −2.22 using stacked Herschel and SCUBA-2 imaging of galaxies 10 9 − 10 10 M and z = 0.5 − 6, closely resembling the Meurer et al. (1999) relationship. On the other hand the first small samples of highresolution individual dust continuum detections and constraints on UV-selected z 4 galaxies (e.g. Capak et al., 2015; Schaerer et al., 2015; Knudsen et al., 2016) indicate a typical dust content significantly below the Meurer et al. (1999) relation (right panel of Figure 7 ). Indeed, recent stacking analysis of ALMA observations of low-mass galaxies in the Hubble Ultra Deep Field Bouwens et al., 2016; Dunlop et al., 2016) indicate sources below 10 10 M show surprisingly faint infrared luminosities. In particular, comparing the low infrared excess as a function the UV-continuum slope in a sample of stacked galaxies below a stellar mass of 10 9.75 M , find that the slope of the IRX-β relation ship has to be < 1.22 and < 0.97 for z ∼ 2 − 3 and z ∼ 4 − 10 galaxies respectively (Fig. 7) In conclusion, the first high-resolution FIR/submm observations taken by ALMA would indicate that the dust attenuation law is closer to that found for the Small Magellanic Cloud (SMC; e.g. Prevot et al., 1984) . Oesch et al. (2013) show that an SMC-type dust-law is also preferred by the relationship between the UV-continuum slope and the UV-to-optical color of z ∼ 4 galaxies.
The ambiguity in the dust-correction of typical highredshift UV-selected galaxies outlined in Figure 7 has significant implications for the interpretation of the high Hα EWs and Hα SFRs derived in this work. In Figure 8 we show the Hα and UV based SFRs, when applying two different dust corrections. The first (left panel ) adopts a A 1600 = 1.99 (β + 2.5) prescription. By construction, this produces an excellent match between Hα and UV based SFRs (and assumes an intrinsic UV-continuum slope β int = −2.5). In this case, the high-EW nebular emission lines found in high-redshift galaxies are in part the result of relatively high levels of dust-obscured star formation in combination with a similar dust attenuation between stars and the nebular light.
The right panel in Figure 8 uses
corresponding to a SMC-type dust-correction for an intrinsic UV-continuum slope β int = −2.23, similar as that implicitly assumed for the Meurer et al. (1999) relation. We find a linear slope 1.1 from the tabulated extinction values of the SMC by Prevot et al. (1984) . The resulting low levels of dust obscuration imply that, even for similar levels of attenuation between nebular and stellar light, the Hα SFRs are 0.19
−0.02 dex in the spectroscopic and 0.17
−0.03 dex in the photometric redshift sample above what we would expect for the total amount of star-formation derived from the dust-corrected UV light. While the samples of individual galaxies with high resolution, high signal-to-noise constraints on the FIR light are still small, these results have significant consequences if correct. This provides us with the motivation to explore other mechanisms for recovering high SFR Hα /SFR UV+β ratios.
Star-formation histories
In the previous section we investigated the effect of different dust calibrations on the SFR Hα /SFR UV+β ratio of z ∼ 4 UV-selected galaxy samples. While it is possible to reconcile Hα and UV based SFR estimates, using the Kennicutt (1998) relations and assuming A V,stars = A V,gas and dust corrections slightly above what is predicted by the Meurer et al. (1999) relation, it is not clear that such a dust law is supported by the observations of z ≥ 4 galaxies.
The first direct high-resolution dust-continuum measurements of UV-selected high-redshift galaxies suggest that the typical dust content of these galaxies is significantly lower than this (see figure 7) . If future observations give similar results -implying more of an SMC dust law -our estimated SFRs using Hα would be systematically higher than using the U V light. Here, we will investigate how different star-formation histories can play a role in the derived SFRs when using the locally derived Kennicutt (1998) relations.
Bursty star formation histories
One possible explanation for the high SFR Hα /SFR UV+β ratios we derive in §4.1 would be that the galaxies we examine are all predominantly young, i.e., such that the Hα-based SFRs are much larger than U V -based SFRs (which saturate at ∼100 Myr). However, it is possible that these galaxies are much younger, or perhaps that galaxies undergo regular bursts of star formation (e.g. Domínguez et al., 2015) which would give them the appearance of very young systems. This would boost the Hα flux, which is predominantly generated by short-lived (<10 Myr) O-stars, with respect the observed UV light, which is produced by O-and B-stars on a somewhat longer timescale (∼100 Myr). This is the hypothesis that Shim et al. (2011) favour for explaining the high SFR Hα /SFR UV in the sample they observe.
In Figure 5 we show SFR Hα as a function of SFR UV+β for both our spectroscopic sample (left) and our photometric sample (right). Since the majority of the sources in the left panel show Lyα in emission, one might suppose this population of sources could be biased towards starbursting systems relative to samples which are photometric-redshift-selected. However, we find little difference in the median SFR Hα /SFR UV+β ratio of our spectroscopic and our photometric sample. Moreover, a subsample of sources with stellar masses above our mass completeness limit of ∼ 10 10 M gives a comparable median SFR Hα /SFR UV+β ratio to that of the entire photometric sample. These findings argue against supposing that very young (<10 Myr) starburst ages drive the systematic offsets we observe between Hα and UV SFRs.
To gain further insight we show the specific SFR Hα as a function of the specific SFR UV+β in Figure 9 , again assuming a Meurer et al. (1999) dust law and A V,stars = A V,gas . The two sSFR estimates correlate strongly over ∼2 dex in sSFR and we find a constant offset between the Hα and UV probes of ∼ 0.15 dex. For young galaxies that are formed in a single burst of star-formation we would expect the discrepancy between sSFR Hα and sSFR UV+β to decrease with decreasing sSFR Hα . For reference we include a single stellar population (SSP) track (rose line) that demonstrates the rapid evolution of the sSFR Hα /sSFR UV+β ratio of this stellar population with age. A burst of star formation is expected to show enhanced Hα for ∼5 Myr, but we would expect many sources with ages >10 Myr after the burst below the one to one relation. Comparing this model with our observations, we see no clear trend in favor of young ages.
To test this scenario further we run a Monte-Carlo simulation, which we consider a population of galaxies with bursty star-formation histories. To reproduce the properties in our sample we randomly draw from the distribution of derived stellar masses for our observed galaxy sample and populate each galaxy with bursts of mass M burst distributed linearly in time with a typical time interval dt burst . For each burst we add a SSP model obtained from the Starburst99 models (Leitherer et al., 1999) with the corresponding age to the total spectral energy distribution of the simulated source. We derive SFR UV and SFR Hα from the final SED using the Kennicutt (1998) relations. Because our observed galaxy sample is limited by the H 160 band flux, we assume that the galaxy population can be modeled as an SFR UV -limited sample (assuming SFR UV scales linearly with L UV through Eq. 1). Therefore, we impose a SFR UV lower-limit on our simulated galaxy population of 5 M yr −1 . We assign observational errors to the simulated datapoints, using the observed uncertainties in the derived SFRs. Using these simulations we investigate what parameters of M burst and dt burst can roughly reproduce a galaxy population with a similarly high SFR Hα /SFR UV+β ratio when assuming the Kennicutt (1998) relations as the typical source in our observed galaxy samples. . Current observational constraints on the IR over UV luminosity ratio as a function of the UV continuum slope (β) using stacks of UV-selected galaxies (left panel) and constraints on individual galaxies from ALMA and PdBI (right panel). While the stacking results by Coppin et al. (2015) over the redshift range z ∼ 3 − 5 are in good agreement with the dust calibration needed to bring Hα and UV based SFR measurements, i.e. A 1600 = 1.99 (β + 2.5) (see §5.1), many of the results suggest lower dust corrections (Cooray et al., 2014; Capak et al., 2015; Schaerer et al., 2015; Watson et al., 2015; Álvarez-Márquez et al., 2016; Bouwens et al., 2016) . At present, the impact that dust has on the observed UV brightness and SFRs of z ∼ 4-5 galaxies is not clear, on the basis of far-IR observations. Figure 8 . The SFR Hα as a function of SFR UV+β , using a dust-correction calibrated to reproduce a median SFR Hα /SFR UV ∼ 1 (left panel, see §5.1) and the same figure assuming an SMC-type dust correction (right panel) for our spectroscopic sample; Hα is corrected for dust assuming A V,stars = A V,gas and using the Calzetti et al. (2000) and SMC (Prevot et al., 1984) dust curve in the left and right panel respectively. The direct calibration of different SFRs at z ∼ 4 will be improved in the near future with large samples of galaxies with sensitive high-resolution dust continuum measurements from ALMA or PdBI. Figure 10 shows two such simulations that produce a large number of sources with SFR Hα /SFR UV+β > 1 . To reproduce the observed galaxy distribution we find that we typically need high burst masses of M burst ∼ 10 8 M , to reproduce the generally high sSFRs, and reasonably short burst intervals of dt burst ∼ 5−10Myr that generate high Hα fluxes. While roughly half of the galaxies in our simulation have SFR Hα /SFR UV+β > 1, our simulations also show a rather large tail of relatively low Hα sSFR galaxies, i.e. ∼ 53% of the simulated galaxy distributions in the left panel of Figure 10 have sSFR Hα < 2 yr −1 . This is in contrast to the observed galaxies in our large photometric sample where ∼ 26% of the sources have upper limits in SFR Hα and could therefore populate this low-sSFR tail.
In conclusion, we find that bursty star-formation histories predict at least twice as many galaxies with sSFR Hα < 2 yr −1 as are seen in the observations. The implication is that the star formation histories of galaxies are considerably more smooth than in the toy model Figure 9 . The specific star formation rates from the inferred Hα luminosities versus those from the UV-luminosity corrected for dust using the UV slope β and the Meurer et al. (1999) calibration (red points; red arrows indicate the 1σ upper limits); Hα is corrected for dust assuming A V,stars = A V,gas and using the Calzetti et al. (2000) dust curve. The left panel shows our spectroscopic sample, while the right panel shows our photometric sample. The right panel includes two stellar population models from Starburst99 Leitherer et al. (1999) . The rose color track includes only single star populations and follows a single burst of star formation with an initial mass of 10 6 M . We indicate the measured sSFRs of this model using the Kennicutt (1998) relations at ages of 1 Myr, 5 Myr and 10 Myr (rose triangles). The dark blue tracks indicate stellar populations with a constant star formation history of 1 M yr −1 , where the solid line indicates a stellar population with no rotation (V=0) and the dashed line indicates a stellar population with rotation levels at 40% of the break-up velocity (V=0.4 Leitherer et al., 2014) . We indicate the measured sSFRs of this model using the Kennicutt (1998) relations at ages of 1 Myr, 10 Myr, 100 Myr and 1 Gyr (dark blue triangles). The one-to-one relation in the sSFRs favors a relatively smooth star-formation history, given the fact that very few sources are at low sSFR Hα as would be the case for a starburst with an age of >10 Myr. Figure 10 . The specific star formation rates from the inferred Hα luminosities versus those from the UV-luminosity corrected for dust using the UV slope β and the Meurer et al. (1999) calibration (left panel) or a SMC-type calibrations (right panel); Hα is corrected for dust assuming A V,stars = A V,gas and using the Calzetti et al. (2000) and SMC (Prevot et al., 1984) dust curve in the left and right panel respectively. Data points indicate the observed spectroscopic (red points) and photometric redshift selected (gray squares) samples. The blue contours show a simulated galaxy distribution with largely similar masses and specific star-formation rates as our observed galaxy samples, assuming a bursty star-formation history with burst masses M burst ∼ 10 8 M and burst intervals of dt burst ∼ 5 − 10Myr (see §5.2.1). The simulations are cut below SFR UV < 5 M yr −1 to mirror the UV-selection of the observed sample. Post-starburst galaxies are visible in the UV for ∼ 100 Myr while Hα probes the instantaneous SFR. The fraction of sources in the resulting low sSFR Hα tail is twice as large in the simulated distribution as found in the observed sample (including upper limits).
we consider above and that bursty star-formation histories do not provide a resolution for the tension between the Hα and UV-based SFRs. These results are in agreement with simulated star-formation histories which predict that burstiness is mostly present in low mass ( 10 8 M ) galaxies (e.g. Dayal et al., 2013; Sparre et al., 2015) .
Rising star formation histories
In §5.2.1 we describe how the distribution of Hα and UV-based sSFRs disfavors bursty star formation histories. However, a smoothly rising star-formation history can also affect the SFR Hα /SFR UV+β ratio simply because the UV flux probes the time-averaged SFR over a ∼100 Myr time window. As the SFR for rising starformation histories is lower at earlier times in a ∼100 Myr time window, the SFR inferred from the U V light would be lower than the instantaneous SFR. Reddy et al. (2012) tabulate the values of SFR/L 1700 as a function of galaxy age for different star formation histories (see their Table 6 ). Using their tabulated values, an exponentially rising star formation history (τ ∼ 100) results in a ∼ 0.07 dex higher SFR/L 1700 ratio for a galaxy of 100 Myr compared to a constant star-formation history. Assuming Hα is a good tracer of the instantaneous SFR we estimate that rising star formation histories can reasonably result in a ∼ 0.1 dex offset SFR Hα /SFR UV+β ratio.
Similar to the scenario of bursty star-formation histories, rising star-formation histories can work well in combination with a Meurer et al. (1999) dust correction to explain the values of SFR Hα and SFR UV+β in our z ∼ 4 galaxy sample. However, if these galaxies prefer a SMC-type dust correction such as suggested by e.g. Capak et al. (2015) , one cannot explain the offset in the derived SFR Hα /SFR UV+β values just invoking rising star-formation histories.
Production Efficiency of Ionizing Photons
In §5.2 we discussed the impact of the assumed star formation history on the offset derived from Hα and UVbased SFR indicators in our z ∼ 4 galaxy sample. While bursty or rising star formation histories will produce a ∼0.1-dex systematic offset between the two SFR indicators, this does not resolve the tension between these two SFR measures adopting an SMC dust law (where there is a ∼0.2-dex offset: see Figure 8 and Table 3 ).
Another effect on the SFR Hα /SFR UV+β ratio that we must consider is the potential for a changing conversion factor between L Hα and SFR (i.e. Eq. 3, see also Zeimann et al. 2014) . While the Hα flux scales directly with the number of ionizing photons emerging from the H II regions in the galaxy (Kennicutt, 1998; Leitherer & Heckman, 1995) , the shape of the ionizing spectrum in low metallicity galaxies is poorly constrained. In particular the impact of massive binaries (e.g. de Mink et al., 2009; Sana et al., 2012) , rotational mixing (e.g. Ramírez-Agudelo et al., 2013) and line blanketing can change with metallicity. For a more elaborate discussion we refer to §3 in Kewley et al. (2013) and the discussion in Steidel et al. (2014) . Furthermore, differences in the high-mass slope of the IMF would also introduce a different ionizing spectrum. Even without changes in the IMF a metallicity dependent ionizing spectrum could significantly impact the SFR Hα /SFR UV+β ratio. If stars in high-redshift galaxies are really much more efficient producers of ionizing photons, this would significantly impact galaxies' possible role in reionizing the universe Stark et al., 2015 Stark et al., , 2016 . We illustrate this in the right panel Figure 9 , where we show stellar population tracks for a constant starformation history for stars with zero rotation (at solar metallicity) and for stars that rotate at 40% of the breakup velocity (at Z = 0.6Z ) from the models described in Leitherer et al. (2014) . At 100 Myr, the low metallicity models that includes stellar rotation are ∼ 0.15 dex offset in the SFR Hα /SFR UV+β ratio compared to the model that does not include stellar rotation.
A similar effect is seen when using the Eldridge & Stanway (2012) models that include binary star evolution. Comparing their models that include binaries at Z = 0.2Z with the model for single star evolution at solar metallicity we find a ∼ 0.31 dex offset in the SFR Hα /SFR UV+β ratio, arising from a ∼ 0.46 dex offset in Hα flux and ∼ 0.15 dex in UV luminosity.
Possible evolution in the SFR-L Hα relationship therefore offers us a way of explaining the observed high Hα fluxes, even in the scenario where the typical high-refshift UV-selected galaxy has low dust masses such as been argued by Schaerer et al. (2015) and Capak et al. (2015) .
In Table 3 we give an overview of how each of the models considered in this section impacts the SFR Hα /SFR UV+β ratios. Over the next few years, ALMA will likely shed light on the typical dust properties of z ∼ 4 galaxies, and as a result provide us with new insights into the star-formation histories and ionizing spectra of high-redshift galaxies.
IMPLICATIONS
In the previous section, we considered a variety of different physical mechanisms for reconciling current measures of the SFRs as derived from Hα or from U Vcontinuum light.
On the basis of this discussion (and comparison with the observations), we find that there are at least two flavors of physical models that appear plausible. The first supposes that z ∼ 4 galaxies can be described using a Meurer et al. (1999) dust calibration with a A V,stars = A V,gas and that the U V -based SFR estimates need to be corrected by ∼0.1 dex to correct the measured, timeaveraged values to the instantaneous ones.
The second supposes that z ∼ 4 galaxies can be described using a SMC dust calibration with a A V,stars = A V,gas and that z ∼ 4 galaxies are more efficient at producing ionizing photons than in standard stellar population models (and thus the L Hα /SFR ratio is high: see Stark et al. 2015 Stark et al. , 2016 for a discussion of how this may impact galaxies' role in driving the reionization of the universe).
These two scenarios are summarized in Table 4 . Which of these scenarios is the relevant one largely hinges on the dust law (see Figure 7) and should be resolved definitively in the near future with deeper ALMA data and larger samples of indiviual detections of high-redshift galaxies. Given that the current ALMA results of both indiviually detected UV-bright galaxies (e.g., Capak et al., 2015) and large samples of faint stacked galaxies (e.g., Table 4 Observationally-Motivated Physical Assumptions (see Table 3 Tables 8-9 ) a Median ratio of the SFRs derived from Hα and the U V -continuum light making use of the assumptions in these observationally-motivated physical models. b Value of the Inferred SFRs using the Fiducial Assumptions minus the SFRs derived using the Kennicutt (1998) relations with no dust corrections. SFRs calculated using our fiducial model assuming SMC extinction will be systematically 0.32 dex lower than in our alternate fiducial model with Meurer et al. (1999) extinction. Figure 11 . The SFR Hα (left) and sSFR Hα (right) as a function of stellar mass for our spectroscopic (red points) and photometric (grey squares) sample respectively. The solid red lines indicates the Bayesian linear regression for galaxies M * > 10 9.5 M , while the blue line indicates the polynomial derived by Whitaker et al. (2014) for z = 2.0 − 2.5 galaxies. The blue shaded region gives an indication of the incompleteness in our sample due to the UV selection. We find that the slope of the SFR-stellar mass sequence is broadly consistent with unity and an intrinsic scatter of 0.4 dex. Bouwens et al., 2016) indicate a signficantly lower infrared excess for low-mass high-redshift than predicted by the Meurer et al. (1999) calibration, we will assume for the remainder of this section that the latter scenario, assuming a SMC-type dust calibration, provides a reasonable basis from which to derive new results on the SFR-stellar mass relation and also the z = 4-8 SFR functions. However, we will also look at the results if the former scenario involving the Meurer et al. (1999) dust law is the correct one in appendix B.
6.1. SFR-stellar mass sequence One of the most fundamental relations for understanding galaxy build-up is the SFR-stellar mass relation, or the "main sequence" of star-forming galaxies. Using our derived Hα-based SFRs we are in an excellent position to assess this relation at z ∼ 4, given the much weaker sensitivity of our Hα-based SFR measurements to many of the classic degeneracies that affect stellar population modelling (e.g. dust vs. age). For this analysis we will make use of the Hα measurements corrected as described in §4 to obtain a good estimate of the instantaneous SFR. As specified at the beginning of this section, we utilize an SMC dust correction (Eq. 5) and A V,stars = A V,gas . As a result we have to conclude that a higher production efficiency of ionizing photons impact the SFR Hα /SFR UV+β ratio and therefore we correct the Hα SFRs downwards by 0.2 dex compared to the values obtained with the Kennicutt (1998) Table 3 to see what impact other dust corrections would make to our final result.
In Figure 11 we show SFR Hα and sSFR Hα as a function of stellar mass for our spectroscopic and photometric samples. Since only sources with H 160,AB magnitudes brighter than 26.5 (see §2.2) were included in our sample (equivalent to a SFR UV limit of ∼ 4 M yr −1 ), we present this selection limit very clearly on this figure. We find that a fit using only sources above 10 9.8 M is consistent within the uncertainty with the unity low-mass slope as found by Whitaker et al. (2014) for star-forming galaxies between z ∼ 0.5 and 2.5.
Furthermore we estimate the scatter in the main sequence of star-forming galaxies from the Bayesian linear regression (solid line in the left panel of Figure 11 ) with a flat prior (Kelly, 2007) , which gives an intrinsic scatter of ∼ 0.4 dex, indicative of a modestly smooth star formation history. This intrinsic scatter is significantly higher than the ∼ 0.13 dex scatter measured by Speagle et al. (2014) based on the Shim et al. (2011) sample, but in good agreement with the recent determination from Salmon et al. (2015) .
While the dynamic range where we have a mass complete sample is limited, we can compare the normalization of our SFR-stellar mass sequence with determinations at lower redshift in more detail. At a stellar mass of 10 10 M we find from our Bayesian fits log 10 SFR Hα /M yr −1 = 1.51 ± 0.07 and log 10 sSFR Hα /Gyr −1 = 0.47 ± 0.06 (uncertainties obtained through bootstrapping). This is slightly lower than the fit by Speagle et al. (2014) , who compare 25 studies between z ∼ 0 and z ∼ 6 and predict an SFR of log 10 SFR/M yr −1 ∼ 1.73 (corrected for differences in IMF) at our median redshift < z spec >= 4.25 and stellar mass of 10 10 M . Furthermore, extrapolating the relation for sSFR ∝ (1 + z) 1.9 found by between z ∼ 0.5 and 2.5, we would predict log 10 SFR/M yr −1 ∼ 2.05 at 10 10 M if this relation would hold out to z ∼ 4. The lower SFRs in comparison with these lower redshift extrapolation could indicate a flatter evolution of the main-sequence of star-forming galaxies with redshift above z > 2 such as suggested by González et al. (2014) and Mármol-Queraltó et al. (2016) .
Comparing our normalization of the main sequence with recent estimates at the same redshift we find lower values than Stark et al. (2013) and Mármol-Queraltó et al. (2016) who find log 10 sSFR UV+β /Gyr −1 ∼ 0.79 at 5 · 10 9 M and log 10 sSFR UV+β /Gyr −1 ∼ 0.73 at 10 10 M respectively. Although these authors use the same technique for deriving the Hα SFR, they assume a Meurer et al. (1999) dust correction, which explains the discrepancy. Our determinations are in good agreement with the results by González et al. (2014) , who find log 10 sSFR SED /Gyr −1 ∼ 0.54 at 5 · 10 9 M using sSFRs from SED fitting. On the other hand we find slightly higher values than two recent studies using SED fitting results; i.e. Duncan et al. (2014) find log 10 sSFR SED /Gyr −1 ∼ 0.37 at 5 · 10 9 M and Salmon et al. (2015) find a median log 10 SFR SED /M yr −1 ∼ 1.35 at z ∼ 4 and 10 10 M (approximately implying log 10 sSFR SED /Gyr −1 ∼ 0.35). Differences between SFRs derived from SED fitting and Hα inferred SFRs could be due to the assumed star-formation history, dustlaw and metallicity assumed in both methods, the agedust degeneracy in the SED fitting and the stellar library that is used for the SED fit; in particular, including binary and/or rotating stars changes the strength of the Hα EW at a fixed galaxy age, which influences the SFR and sSFR fitting parameters obtained in the SED fitting.
We summarize our findings on the SFR Hα − M * sequence in Table 5. 6.2. Star formation rate functions Another application of our improved measures of the SFR at z ∼ 4 using both U V continuum and Hα information is for determinations of the SFR functions (Smit et al., 2012) at z = 4-8. The SFR function is useful since it can be used to connect high redshift UV-luminosity functions with Hα and infrared (IR) based SFR functions at z ∼ 2. Smit et al. (2012) give a prescription to correct UVluminosity functions for dust based on a luminosity dependent determination of the UV slope, β (e.g. Bouwens et al., 2012 Bouwens et al., , 2014 , a dust calibration of the form A 1600 = C 0 + C 1 β and a fixed scatter around the β-luminosity relation, σ β (see Eq. 4, 7 and 8 by Smit et al., 2012) . We assume a low metallicity stellar populations including stellar rotation, as well as a rising star-formation history (see Table 4 ) and therefore convert the dust-corrected UV-luminosity functions to SFR functions using Kennicutt (1998) relation (Eq. 1), with no correction, since the offsets due to the star-formation history and the higher production efficiency of ionizing photons roughly cancel each other out (see Table 3 ). At the same time, Equation 3 overpredicts SFR Hα by ∼ 0.2 dex, explaining the high SFR Hα /SFR UV+β ratio.
Stepwise determinations and Schechter paramters are given in Table 7 and 6 respectively. We base our SFR functions on the determination of the UV-luminosity functions at z ∼ 4-8 by and determinations of the color magnitude relations by . The resulting SFR functions are shown in Figure 12 in combination with the Hα-based SFR function derived by Sobral et al. (2014) , the UV+MIR luminosity function derived by Reddy et al. (2008) and the MIR luminosity function measured by Magnelli et al. (2011) converted to SFR using the Kennicutt (1998) relation.
On Figure 12 , the SFR range above
12 M , where we might expect dust saturated sources that are missed in an UV-selected sample. Given that the z ∼ 4 and z ∼ 5 SFR functions reach beyond L bol > 10 12 M , we might imagine our SFR functions to be underestimated at the high end. Our results for the SFR function are fairly similar to those recently obtained by Mashian et al. (2016) .
Instead of the SMC dust-correction, we could have assumed Meurer et al. (1999) extinction and explained the discrepancy of UV-and Hα based SFR estimates due to a rising star-formation history and therefore using a conversion factor 0.1 dex higher than the Kennicutt (1998) relation (Eq. 1) to match the instantaneous Hα starformation rates. The resulting knee of the z ∼ 4 SFR function would shift by ∼ +0.3 dex. The individual bins and Schechter parameters derived using a Meurer et al. (2012) procedure. The SFR functions are based on the UV luminosity functions by , the color magnitude relations determined by Bouwens et al. (2014) and the SMC-type dust calibration (Eq. 5). We assume the Kennicutt (1998) conversion from UV to SFR (Eq. 1). Stepwise dust-corrected SFR functions (solid points) with the analytical solutions for the Schechter functions (see Eq. 4, 7 and 8 of Smit et al., 2012) . The black dotted line indicates the SFR range where the UV selection could be incomplete due to dust saturation or the dust corrections inaccurate. The dark blue arrows indicates the change in the knee of the SFR function assuming different dust corrections A 1600 = 1.99 (β + 2.5) or A 1600 = 1.1 (β + 2.23) and using the Kennicutt (1998) conversion from UV to SFR (see §5.1). For reference we include SFR functions at z ∼ 2 from Hα (dashed black line Sobral et al., 2014) , MIR (open black squares Magnelli et al., 2011) and UV+MIR (gray shaded region Reddy et al., 2008 ) SFR probes.
(1999) dust calibration are presented in appendix B in Tables 8-9 .
Alternatively we can assume A 1600 = 1.99 (β + 2.5), derived in §5.1 (see Figure 7) to bring Hα and UV based SFRs into agreement when assuming constant starformation histories. Implementing this assumption into our SFR functions would imply a big shift of ∼ +0.5 dex shift in the high-end of SFR function at z ∼ 4, resulting in similar SFR functions at z ∼ 2 and z ∼ 4 (see Figure 12) . As a consequence the total star formation rate density does not decline after z ∼ 2, but plateau out to z ∼ 4 and decline at z 5.
The systematic uncertainty in the present SFR function will be alleviated when more observations with new generation sub-mm facilities such as ALMA become available over the next few years.
SUMMARY
In this paper we make use of a large sample of galaxies with spectroscopic redshifts between z = 3.8-5.0, where Hα can be inferred from the excess in the 3.6 µm Spitzer /IRAC band, as well as a photometric sample in the same redshift range. As in previous studies (e.g. Shim et al., 2011; Stark et al., 2013) we find a typical rest-frame Hα EW of ∼ 400Å for a spectroscopic z = 3.8-5.0 sample. In addition, we also conduct a systematic investigation of the Hα EWs in pure photometric-redshift-selected z ∼ 3.8-5.0 sample and find similar results for both samples (see also Rasappu et al., 2015; Mármol-Queraltó et al., 2016) . While we find no strong dependence of the Hα EWs on UV luminosity, UV slope, half-light radius or Sérsic index, we do however find a clear relation between EW 0 (Hα+[N II]+[S II]) and mass-to-light ratio, M * /L UV (Figure 3) .
We explore the use of the inferred Hα fluxes to derive star formation rates for galaxies in our samples. We compare these Hα-based SFRs with UV-based SFRs using the Meurer et al. (1999) relation and find a strong correlation between the two estimates. However, even when we assume similar extinction towards nebular regions and stellar populations, i.e. A V,stars = A V,gas , we still find a small systematic offset ∼ 0.10 − 0.16 dex in the SFR Hα /SFR UV+β ratios of both our samples.
In this paper, we consider the impact of the assumed dust law, SFH and the shape of the ionizing spectrum on the SFR Hα /SFR UV+β ratio. Here we provide a summary of our conclusions:
• Dust law: The largest uncertainty in our UV-based SFRs is the dust law. While one issue is the reddening law, another issue is a potential evolution in the intrinsic color of galaxies (prior to the impact of dust reddening). In particular, galaxies with low metallicities and young ages can have bluer intrinsic UV slopes than those of the galaxies in the Meurer et al. (1999) calibration, which would result in an underestimate of the dust content in our galaxies. We investigate the typical intrinsic UV-continuum slope needed to explain the offsets in Hα and UV based SFRs and find A 1600 = 1.99 (β + 2.5). This dust correction is in agreement with FIR stacking measurements (Coppin et al., 2015) , but differs quite strongly from recent ALMA measurements (e.g. Capak et al., 2015; Aravena et al., 2016; Bouwens et al., 2016; Dunlop et al., 2016) . Assuming an SMC dust-law such as favoured by Capak et al. (2015) and Bouwens et al. (2016) the SFR Hα /SFR UV+β ratio would be offset by ∼ 0.2 dex (assuming A V,stars = A V,gas ).
• Bursty star-formation history: A natural consequence of bursty star formation histories is to produce high Hα EWs and high SFR Hα /SFR UV+β ratios for short (∼ 5 Myr) time periods. However, we find comparable SFR Hα /SFR UV+β for both our spectroscopic-redshift and photometricredshift sample and even a mass limited photometric subsample. We use a Monte Carlo simulation to compare the expected sSFRs from Hα and UV indicators with our samples. We find that a sample of galaxies with typical burst masses of M burst ∼ 10 8 M and burst intervals of dt burst ∼ 5 − 10Myr can produce a ∼ 0.1 dex offset in SFR Hα /SFR UV+β . However, we also find a low sSFR Hα tail in our simulated distribution that is ∼ 2× larger than we find in our observed sample, which argues against significantly bursty starformation histories.
• Rising star-formation history:
Rising star formation histories create an offset in the SFR Hα /SFR UV+β ratio, due to the different timescales of star formation probed by Hα (∼ 10 Myr) and UV (∼ 100 Myr) SFR indicators. We estimate this offsets the SFR Hα /SFR UV+β ratio by ∼ 0.1 dex, using prescriptions given in Reddy et al. (2012) .
• Production Efficiency for Ionizing Photons / Ionizing Spectrum: The shape of the ionizing radiation field for low metallicity stellar populations is currently poorly constrained, which is unfortunate since this can have a significant impact on the nebular emission of high redshift galaxies (e.g. Kewley et al., 2013) . We investigate two sets of models that include the effects of stellar rotation (Leitherer et al., 2014) and effects of massive binary star systems (Eldridge & Stanway, 2012) to low metallicity. We find that these models can generate an observed offset in the SFR Hα /SFR UV+β ratio of ∼ 0.1−0.3 dex. We argue that, if high-redshift UV-selected galaxies prefer an SMC type dust-law, some source of ionizing photons is likely required on top of e.g. a rising star-formation history to explain the strength of the Hα emission lines we observe.
We find that there are two flavors of physical models that appear plausible on the basis of the observations we consider (Table 4) : (1) the first invoking a Meurer et al. (1999) dust calibration with a A V,stars = A V,gas and correcting up U V -based, time-averaged SFR estimates by ∼0.1 dex to better match the instantaneous SFRs and (2) the second invoking a SMC dust law with a A V,stars = A V,gas and supposing that z ∼ 4 galaxies are more efficient at producing ionizing photons than in standard stellar population models (see Stark et al., 2015 Stark et al., , 2016 ; for a discussion of the impact this may have of galaxies as being capable of reionizing the universe).
We adopt the latter flavor of physical model as our fiducial one (and include some results from the former model in appendix B). We use this model to construct the main sequence of star forming galaxies from 0.36±0.06 Based on the Bayesian linear regression of all sources in our combined photometric and spectroscopic sample (with sources in both samples counted once) with M * > 10 9.8 M .
our Hα-based SFRs ( §6.1). We find that, when taking into account the incompleteness at the faint end of our selection, the slope is broadly consistent with the unity low-mass slope found by Whitaker et al. (2014) at z ∼ 0.5 − 2.5. Furthermore, while we find an intrinsic scatter of σ ∼ 0.4 and a normalization of the main sequence of log 10 sSFR Hα /Gyr −1 = 0.47 ± 0.06, in reasonable agreement with recent determinations from SED fitting (e.g. González et al., 2014; Duncan et al., 2014; Salmon et al., 2015) .
In §6.2, we follow the Smit et al. (2012) procedure to infer SFR functions at z ∼ 4-8 from the UV luminosity functions derived by , and the UVcontinuum slopes derived by Bouwens et al. (2014) . Consistent with our fiducial approach, we use a SMC-type dust calibration and we assume the Kennicutt (1998) conversion factor between UV and SFR, given that the effects of an increased production efficiency of ionizing photons and a rising star-formation history roughly cancel each other out (see also Mashian et al., 2016) . The z = 4-8 SFR functions for a Meurer et al. (1999) dust correction are presented in appendix B.
We conclude that systematic use of Hα star-formation rates inferred from Spitzer /IRAC photometry provides an exciting opportunity to unravel fundamental properties of the high-redshift galaxy population in advance of JWST. Smit et al. (2012) . We assume an SMC dust correction (Eq. 5) and adopt the linear relation between the UV-continuum slope β and UV luminosity found by Bouwens et al. (2014) , see §6.2 and we assume the Kennicutt (1998) conversion from UV to SFR (Eq. 1). Table 7 Stepwise determinations of the SFR function at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7 and z ∼ 8: SMC dust correction log 10 SFR (M yr −1 ) φ SFR (Mpc −3 dex −1 ) log 10 SFR (M yr −1 ) φ SFR (Mpc −3 dex −1 ) Figure 13 . Left panel: A test of our inferred emission line method using galaxies at z = 1.3 − 1.5 (Momcheva et al., 2016) 
A. TESTING OUR METHOD TO EXTRACT LINE FLUXES FROM PHOTOMETRIC OBSERVATIONS
To validate our method of inferring Hα using the Spitzer /IRAC photometry, we perform two tests at z < 3.8. First, we assemble a small sample of lower redshift galaxies with emission line measurements obtained directly from spectroscopy and compare these measurements with the values inferred from the flux offset in the contaminated band from the continuum SED. We use a sample of line emitters selected from the 3D-HST grism survey presented by Momcheva et al. (2016) at z = 1.3 − 1.5 where Hα, [N II] and [S II] contaminate the H 160 band. From the 3D-HST survey we select sources with a > 5σ detection of the Hα+[N II] blended emission lines, a > 5σ detection in the K-band (the adjacent band to the H 160 band used to derive emission lines) and a V 606 -band total magnitude brighter than 26.5 mag (the V 606 band at z = 1.3 − 1.5 corresponds to roughly the same rest-frame wavelength as the H 160 band at z = 3.8 − 5.0).
For this sample of 160 sources we use the same photometry as described in §2.1 and we perform the same steps in deriving the SED inferred line fluxes as described in §3. We do not include photometry bands contaminated with strong emission lines and we assume the same fixed line ratios between Hα, [N II] and [S II] as in our main sample and correct the Hα+[N II] measurement by 10% to account for the flux of [S II] (the grism measurements of this line are highly uncertain or not detected at all). We present the results of our inferred line fluxes in the left panel of Figure  13 . We find a median difference of −0.01 ± 0.02 dex (uncertainty obtained through bootstrapping) between the line fluxes measured with spectroscopy and those inferred from the photometry.
For our second test we collected a sample of spectroscopically confirmed galaxies between z = 3.0 − 3.8, using the same public redshift catalogs of Balestra et al. (2010) ; Vanzella et al. (2005 Vanzella et al. ( , 2006 Vanzella et al. ( , 2008 over the GOODS-S field as used for our spectroscopic sample described in §2.1. For this sample we will test the the same methods and photometry that we have used in our paper for our spectroscopic z = 3.8 − 5.0 galaxy sample, by deriving the offset in the 3.6µm band flux from the predicted continuum flux, which given the lack of line contamination at z = 3.0 − 3.8 should be approximately zero. An important difference for the z = 3.0 − 3.8 samples is that 70% and 90% of the galaxies have contaminated photometry from the [O III] and [O II] emission lines respectively, while for the z = 3.8 − 5.0 sample only 43% of all the galaxies can have affected photometry due to the flux of the [O II] emission lines. Since the photometry of the z = 3.0 − 3.8 sample is significantly affected by emission lines, we exclude the JH 140 , H 160 and K s -band from the SED fitting, but otherwise keep all steps identical to the procedures described in §2.1-3.
The results of the offsets between 3.6µm band flux from the predicted continuum flux is presented in the right panel of figure 13 . We find a small median offset of −0.05 ± 0.01 magnitude or −0.02 ± 0.01 dex (uncertainty obtained through bootstrapping) in our z = 3.0 − 3.8 spectroscopic galaxy sample, with a modest standard deviation of 0.23 magnitude or 0.09 dex.
Both these test results indicate that there are no obvious systematics present in our photometry that would cause us to overestimate the inferred Hα flux, given our method. We remark, however, that it is possible that we might be Smit et al. (2012) . We assume a Meurer et al. (1999) dust correction and adopt the linear relation between the UV-continuum slope β and UV luminosity found by Bouwens et al. (2014) , see §6.2. Moreover, we assume a 0.07 dex increase on the Kennicutt (1998) conversion from UV to SFR to better match the instantaneous Hα star-formation rates (see §6.2).
underestimating the derived Hα luminosity. This underestimate, if real, would strengthen our conclusion that there are small systematic differences between Hα and UV-based SFRs given standard low-redshift calibrations.
B. SFR FUNCTIONS ASSUMING A SMC DUST CORRECTION
In this appendix we present SFR functions as described in §6.2 and using the Meurer et al. (1999) dust correction in Equation 2. These results correspond to the second fiducial model presented in Table 4 .
In deriving the SFR functions, we dust correct the U V continuum light using a SMC extinction law and do not make any further corrections. In addition, we convert the U V luminosities into SFR using Equation 1 (Equation 3 over predicts the Hα SFR by ∼ 0.2 dex). In doing so, we rely on the conclusions from §5.1-5.3 where we find that a combination of rising star-formation histories and low metallicity stellar population models including stellar rotation can bring Hα and UV-based SFR estimates into good agreement. Table 9 Stepwise determinations of the SFR function at z ∼ 4, z ∼ 5, z ∼ 6, z ∼ 7 and z ∼ 8: M99 dust correction
